The insecticidal activity of the delta-endotoxins of 14 Bacillus thuringiensis strains belonging to 12 subspecies was determined against Pieris brassicae, Heliothis virescens, and Spodoptera littoralis. Larvae of P. brassicae were highly susceptible to purified crystals of strains of B. thuringiensis subsp. thuringiensis and B. thuringiensis subsp. morrisoni, whereas H. virescens responded best to B. thuringiensis subsp. kenyae and B.
The aerobic sporeformer Bacillus thuringiensis is well known for its ability to produce a proteinaceous parasporal crystal during sporulation. The crystal protein, designated as delta-endotoxin, is toxic by ingestion for many insect larvae belonging to the orders Lepidoptera, Diptera, and Coleoptera. Under the reducing and alkaline conditions within the insect gut, the crystal is dissolved into protoxin, which is then transformed into active toxin by proteases present in the gut juice. The many existing B. thuringiensis strains are grouped into subspecies on the basis of biochemical characters and serotypes determined by the antigenic properties of the flagella. Up to date, 30 serotypes have been described (5) . This system is simple and quite useful, although the insecticidal activity does not always correspond to the serotype.
The B. thuringiensis strains differ not only in their activity towards different insect species but also in the relative potency of their delta-endotoxins (7) . The reasons for the high specificities of the activity spectrum and the differences in the relative potency are not known. Several factors must be involved, since the insecticidal principle contained within the crystal has to pass through different steps before it reaches the site of action, which is the gut epithelium of the target insect. This study represents an attempt to assess quantitatively some of these factors. The comparison includes 14 B. thuringiensis strains belonging to different serotypes and three lepidopteran species which are known to respond differently to delta-endotoxins.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The 14 strains belonging to 12 subspecies and 10 serotypes are listed in Table 1 . The serotypes of the strains were reconfirmed by H.
de Barjac (Pasteur Institute, Paris, France). The cultures were grown for 96 h at 30°C on the slightly modified agar medium of Yousten and Rogoff (19) , with a glucose concentration of 0.3% instead of 0.1%. Sporulated cultures were * Corresponding author.
removed from the agar surface with distilled water and washed three times by centrifugation.
Purification of the crystals. The crystals were separated from the spores by a two-phase system with dextran sulfate and polyethylene glycol (6) . The purified crystal suspensions were treated with 1 mM diisopropylfluorophosphate-1 mM EDTA to inhibit contaminating proteases and prevent degradation of the delta-endotoxin. The crystal suspensions, containing less than 1% spores, were stored frozen in aliquots at -20°C.
Solubilization of the crystals into protoxin. The crystals were solubilized in 50 mM carbonate buffer (pH 9.5) containing 10 mM dithiothreitol as the reducing agent. After incubation at 37°C for 30 min, the suspension was centrifuged (25,000 x g for 10 min at 4°C) to eliminate undissolved material. The supernatant was dialyzed against 50 mM carbonate buffer (pH 9.5). The dissolved crystal protein, designated as protoxin (molecular weight about 130,000), was stored frozen at -20°C. Its molecular size was routinely checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12) .
Protein determination. The protein content was determined by the method of Lowry et al. (13) with bovine serum albumin as the standard. Preparation of active toxin. Protoxin (1 to 5 mg/ml) was incubated with trypsin (500 ,ug/ml) at 37°C for 30 min. The result of this limited proteolysis was a polypeptide with a molecular weight of about 60,000 (8), referred to here as toxin. The trypsin was not removed, since the toxin was stable and was diluted for all the assays by a factor of at least 100 to 1,000.
Insect larvae and bioassays. For the bioassays, the following insect larvae were used: Pieris brassicae (cabbage worm), Heliothis virescens (tobacco budworm), and Spodoptera littoralis (cotton leafworm). P. brassicae larvae were reared at our institute, whereas H. virescens and S. littoralis larvae were kindly supplied by Ciba-Geigy Inc., Basel, Switzerland.
The bioassays with P. brassicae were performed by forcefeeding early fifth-instar larvae as described by Luthy (14) . For each dose of appropriately diluted samples, groups of five larvae were fed with 4 ,ul each. The insecticidal effect was measured by the reduction in weight increase of the larvae after 20 h of ad libitum feeding. Groups of control larvae were fed with water or the corresponding buffer solution.
The bioassays with H. virescens and S. littoralis were carried out with freshly hatched first-instar larvae on an artificial diet (2). Crystals, protoxin, and toxin were mixed at 60°C with the liquid diet; the mixture was then poured into 24-well multidishes (Nunc, Roskilde, Denmark). After solidification of the diet, a single larva was added to each well to prevent cannibalism. The plates were covered with two Parafilm sheets and cardboard to prevent escape of the larvae.
The effect of the delta-endotoxin was measured after 4 days of incubation at 28°C. The number and instar of the surviving larvae were determined. Since the activity of the delta-endotoxin was not only expressed by mortality but also by retarded development, surviving first-instar larvae were given 1 point, second-instar larvae were given 2 points, and third-instar larvae were given 3 points. The development of the control larvae reared on a toxin-free diet proceeded as a rule to the second or third instar. The percentage of activity (A) for a given dose was calculated as follows: A = (1 -[average instars in the treated diet/average instars in the Activities of protoxin and toxin. The considerable stability of the crystals, which can vary from strain to strain, could be one of the reasons for the differences in activities. Furthermore, insect-specific factors of the gut juice, such as pH and digestive enzymes, might be important for the degree of solubility of the crystals and for the generation of the appropriate degradation products (9) . Therefore, we investigated the in vitro-produced protoxin and toxin of the 14 strains. Only minor differences in the ED50s among crystals, protoxin, and toxin were obtained in the assays with P. brassicae (Table 4) . Also, the slopes of the regression lines did not differ significantly. The same was true for S. littoralis (data not shown). Exceptions were found with strains 4431 (B. thuringiensis subsp. dendrolimus) and 4448 (B. thuringiensis subsp. entomocidus). The protoxin and toxin of strain 4431 were nine times more toxic for P. brassicae than were the corresponding crystals, whereas the toxin of strain 4448 was five times more potent against S. littoralis than was the crystal preparation and twice as active as was the protoxin (data not shown). In the case of H. virescens, however, predissolution of the crystals greatly improved the activity of a number of delta-endotoxins. Three examples are given in Table 5 , which demonstrates that dissolution and activation of the crystals in the gut juice is influenced by strain-specific factors. The activation of the crystals in the insect gut can be quite good, as for strains 4432 and 4430, or very poor, as for strain 4422, for which the efficacy of the applied toxin was 160 times higher than that of the crystals.
Role of the target insect. Another factor that influences the degree of activity of the different B. thuringiensis strains is the level of interaction between the gut of the target insect and the toxin. If no differences existed in the susceptibilities of the target insects, the relative potency ranges of the toxins of the tested strains would be the same for all three insect species. Table 6 shows a pronounced insect-specific susceptibility for the three target species. A direct comparison of the bioassays performed on P. brassicae, H. virescens, and S. littoralis was impossible because two kinds of tests were used. Therefore, we transformed the results into relative 
DISCUSSION
Differences in the specific activities of crystals originating from different B. thuringiensis strains have already been mentioned by Dulmage (7), who used whole cultures. These observations were confirmed in our bioassays, in which purified delta-endotoxin preparations were used. Differences occurred even between strains of the same subspecies, e.g., B. thuringiensis subsp. kurstaki or B. thuringiensis subsp. thuringiensis. The strain-specific variation of the deltaendotoxin was demonstrated in our lab with cross-reaction experiments with monoclonal antibodies raised against the protoxin of strain 4432 (10) . It should be noted that in our system differences based on the strain-specific productivity of the delta-endotoxin (small or large crystals) are eliminated. For example, the surprisingly high toxicity of B. thuringiensis subsp. kenyae for H. virescens could have been masked in tests of other workers because of its very low yield of delta-endotoxin. The quantitative assays also showed that the most widely used strain, B. thuringiensis subsp. kurstaki HD-1, is not among the most active ones.
The obtained results demonstrate clearly that the bacterium as producer of the delta-endotoxin as well as the insect species both contribute significantly to the specificity of the insecticidal activity. For the future development of more potent delta-endotoxins and for eventual enlargement of the target spectrum it is necessary to analyze each factor separately and to evaluate the contribution of each factor to the overall mode of action. (3, 7, 11) . Several deltaendotoxin genes have been sequenced, and a computeraided comparison revealed great homology (Fig. 1) . Only the region between amino acids 283 and 706 exhibited some variability. This region lies within the active fragment, and the differences may thus influence the potency.
Since the in vitro trypsin-activated polypeptide is fully active, it can be assumed that the removed portion does not influence the toxic activity but may determine the solubility of the parasporal crystals, owing to the arrangement of the disulfide bonds located on the portion removed by the activating protease. On the other hand, the ease of solubilization of a given crystal species must depend on the composition of the gut juice, especially pH and kinds of proteases.
Transformation of the crystals into the activated form depends on the insect, very likely on the conditions encountered within the gut juice. H. virescens is generally not a good activator, whereas P. brassicae showed only minor differences among crystals, protoxin, and toxin. This is important, since the insecticidal principle in commercial preparations is presented to the target insect in the form of crystals. It means that the effect could be increased by applying crystals whose insecticidal content is quantitatively transformable into the activated form or by directly applying the activated toxin.
When in vitro-activated toxin was applied, the susceptibility of the gut epithelium cells, the target of the toxin, to the 14 tested strains varied greatly. This result was clearly demonstrated with the four strains in Table 6 : the activities of these strains against the three insect species diverged greatly. There are several possible reasons for these variations. First of all, a further degradation of the toxin might occur within the insect gut and might vary from one insect to another (9) . Another reason could be different susceptibilities of the gut epithelium cells of different insect species: the number of damaged cells needed for a collapse of the gut activity or the ability of the gut to replace damaged cells (4) might differ from one insect to another. Also, the binding potential of the epithelial cells or the subsequent steps in the mode of action might vary depending on the target insect species. Therefore, the above-mentioned factors should be taken into consideration for the future development of insecticides based on B. thuringiensis. For each insect, the most potent strain, whose crystals are quantitatively converted into the activated insecticide, should be chosen. This could result in a multitude of B. thuringiensis products, each tailored to control a single pest insect species.
In conclusion, we believe that three factors contribute to the potency of B. thuringiensis delta-endotoxin: the origin of the toxin (strain), the ability of the gut juice to dissolve the crystals, and the intrinsic susceptibility of the insect to the toxin. Therefore, an optimal relationship between the insect and the toxin is required for greatest efficacy.
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